To evaluate the effects of idiopathic intracranial hypertension (IIH) on rod-, cone-, and melanopsin-mediated pupillary light reflexes (PLRs).
I diopathic intracranial hypertension (IIH) is a condition of elevated intracranial pressure (ICP) for which a cause cannot be determined. Loss of visual function is the primary morbidity for most IIH patients, with approximately 10% of patients progressing to bilateral blindness. 1, 2 As reviewed elsewhere, 3 visual dysfunction in IIH appears to be due to a series of events initiated by increased ICP. Elevation in ICP likely produces increased pressure around the distal optic nerve, which, in turn, results in axoplasmic flow stasis. [4] [5] [6] Reduced axoplasmic transport produces intra-axonal edema, 7 which is likely followed by venule compression, ischemia, and loss of visual function. Because visual function within the central visual field is typically normal, or nearly normal, until the late stages of the disease 8, 9 vision loss in IIH is most commonly characterized by standard automated perimetry to measure peripheral visual field sensitivity. 1, [8] [9] [10] However, not all IIH patients have marked visual field abnormalities, and ganglion cell dysfunction may precede measurable reductions assessed by perimetry. 11 Moreover, perimetry is an inherently subjective test and it is vulnerable to patient error. Objective assessments of visual pathway function in IIH may provide new insight into vision loss associated with the disease and could have the potential to provide additional data upon which clinical management decisions can be based.
Objective measures of RGC function have been performed in patients with IIH using electrophysiological techniques. For example, previous work has shown that the amplitude of the pattern electroretinogram (pERG) can be reduced in patients with IIH. 12 However, standard pERG measurements are limited in that they primarily assess function within the central visual field. More recently, it was shown that the photopic negative response (PhNR), a late negative component of the full-field photopic single-flash ERG that originates largely from RGCs, 13, 14 can also be abnormal in patients with IIH. 11 Pupillometry is an additional objective technique that can assess inner retina, outer retina, and subcortical function, which may have application to patients with IIH. The response of the pupil to a flash of light (the pupillary light reflex; PLR) is a complex response with contributions from more than one photoreceptor type. However, by altering the adaptation conditions and stimulus characteristics, contributions of the rod pathway, cone pathway, and intrinsically photosensitive RGC (ipRGC) pathway, which contains the photopigment melanopsin, 15, 16 can be assessed. [17] [18] [19] Thus, the PLR is a powerful tool because it provides insight into ipRGC function, as well as rod and cone inputs into the ipRGCs. The PLR has been useful for understanding diseases of the inner retina and optic nerve, such as in hereditary optic neuropathies, glaucoma, [23] [24] [25] [26] and ischemic optic neuropathy. 27 To date, the PLR has not been reported in patients with IIH.
Pupillometry is a promising approach for functional assessment in IIH because it shares many of the advantages of PhNR measurement, in that it is noninvasive, objective, performed quickly with minimal patient demands, does not require refraction or steady fixation, and can be measured using full-field stimuli. Additionally, pupillometry does not require pupil dilation and can provide measures of rod, cone, and melanopsin RGC function. The generators of the PLR likely differ from those of the PhNR, as pupillometry selectively targets ipRGCs. Although IIH is not typically associated with outer retina abnormalities, a recent report has shown cone receptor density loss in a patient with IIH 28 and an earlier report showed light adapted flicker ERG deficits in patients with chronic papilledema. 29 Thus, pupillometry may provide new insight into outer retina function in patients with IIH.
The goal of the present study was to evaluate rod-, cone-, and melanopsin-mediated PLRs in patients with IIH. These pupil responses were assessed using a previously published paradigm, 19 with slight modification, in patients with IIH and in visually-normal control subjects. The patients' PLRs were compared with other measures of visual function including Humphrey visual field mean deviation (HVF MD) scores and PhNR amplitude. The results of the present study are intended to determine the extent to which pupillometry can be used as a clinical tool to assess retinal dysfunction in patients with IIH.
METHODS

Subjects
Thirteen subjects who have IIH and current or prior papilledema were recruited from the neuro-ophthalmology service at the University of Illinois at Chicago (age 33.2 6 8.2 years, 12 females). The diagnosis of IIH was based on lumbar puncture with opening pressure greater than or equal to 25 cm H 2 O, normal cerebrospinal fluid constituents, and unremarkable brain imaging results. 10 No patient had neurologic or ophthalmic disease other than IIH, refractive error greater than 6 diopters (D), or distance visual acuity worse than 20/20. HVF MD (24-2 Swedish Interactive Testing Algorithm [SITA] Humphrey Field Analyzer; Carl Zeiss Meditec, Jena, Thuringia, Germany) was normal (<2 dB loss) in three subjects, mildly abnormal (2-5 dB loss) in four subjects, and moderately to severely abnormal (>5 dB loss) in six subjects. Optic nerve appearance was Frisen papilledema grade (FPG) 30 two or less in nine subjects, three or more in two subjects, and atrophic in two subjects. Three subjects with IIH were untreated at the time of testing, whereas the other 10 subjects had received medical intervention consisting of acetazolamide combined with weight loss, ventriculoperitoneal shunt, or ventriculoperitoneal stent. Of the 10 treated subjects, five had resolved symptoms at the time of testing (no headaches and FPG grade of 0, 1 [due to residual disk elevation], or atrophy), whereas the other five continued to have symptoms. Data were also obtained from 13 visually-normal individuals (age 31.8 6 9.5 years, 8 females) without history of ophthalmic or neurologic disease. The mean ages of the controls and IIH subjects did not differ significantly (t ¼ 0.36, P ¼ 0.73).
The research followed the tenets of the Declaration of Helsinki and was approved by a University of Illinois at Chicago institutional review board. Written informed consent was obtained from all subjects prior to testing.
Apparatus and Stimuli
A light-emitting diode (LED)-driven ganzfeld system was used for stimulus generation and display (Espion V6, ColorDome desktop ganzfeld; Diagnosys LLC, Lowell, MA, USA). The stimuli were presented to one eye and the pupil responses were recorded from the same eye using a ViewPoint EyeTrack infrared camera system (Arrington Research, Scottsdale, AZ, USA), with the fellow eye patched. This system allows for realtime pupillometry with high spatial resolution (>0.03 mm) at a 60-Hz sampling rate. During the pupil recordings, the subject's head was stabilized with a chin rest. Stimuli consisted of shortwavelength (''blue;'' dominant wavelength of 465 nm) and long-wavelength (''red;'' dominant wavelength of 642 nm) pulses of light that were 1 second in duration. The field of view was approximately 908 (horizontal diameter) by 608 (vertical diameter). Stimulus wavelength and luminance were verified with a spectroradiometer (SpectraScan 740; Photo Research, Chatsworth, CA, USA).
Procedure
Pupillometry was performed on the worse seeing eye of each patient, assessed by HVD MD; the right eye was tested in each visually normal control. Test protocols intended to target the rod, cone, and melanopsin pathways were performed, as described in detail elsewhere. 19 Subjects were first darkadapted for 10 minutes and three pupil protocols were performed in the following order: (1) under the rod pathway protocol, a low luminance (0.001 cd/m 2 ) blue flash was presented in the dark, (2) under the melanopsin protocol, a high luminance (450 cd/m 2 ) blue flash was presented in the dark, and (3) under the cone pathway protocol, the subject was first light adapted for 2 minutes to a uniform 6 cd/m 2 rodsuppressing blue field and a red flash (10 cd/m 2 ) was presented against the blue adapting field. Of note, the luminance of the red flash used for the cone pathway protocol (10 cd/m 2 ) was lower than that used in the standard cone paradigm reported previously (450 cd/m 2 ). 19 Preliminary results indicated that the lower luminance flash does not drive the pupil response to saturation (maximum constriction), which increases sensitivity of the cone pathway measurement. For all conditions, each stimulus was presented a minimum of two times and the data shown in the figures below are based on the mean response (the two responses were highly similar, with a mean difference between the two of 4%, averaged across all subjects and conditions).
Data Analysis
Data were analyzed offline using custom scripts programmed in MATLAB (MathWorks, Inc., Natick, MA, USA), which allowed for semiautomated analysis as follows: first, a median filter with a 300-ms time window was applied to remove eye blinks. Long eye blinks (or eye closure) could not be removed by the filter, and these artifacts were removed manually. The filtered pupil responses were then normalized by the median pupil size during the 1 second prior to each stimulus onset (prestimulus baseline pupil size). The relative pupillary light reflex (PLR) was defined as the ratio of the absolute pupil size (mm) to the baseline pupil size (mm), consistent with previous definitions. 19 The relative transient PLR was defined as the difference between the normalized baseline and the minimum relative PLR after stimulus onset, whereas the relative sustained PLR was defined as the difference between the normalized baseline and the median relative PLR measured over a 5 to 7 seconds time range following stimulus offset. The normalization was used to reduce the effects of the small, but statistically significant, difference in the dark-adapted baseline pupil diameter between the IIH patients and controls (mean difference of 1.16 mm; t ¼ 2.76, P ¼ 0.01). There was also a small difference in baseline pupil size between the IIH patients and controls for the light-adapted condition (mean difference of 0.86 mm; t ¼ 2.89, P ¼ 0.01). Figure 1 shows the IIH patients' PLRs for the rod-(A), cone-(B), and melanopsin-mediated (C) conditions. In each panel, the 5th to 95th percentile of the normal control range is represented by the gray region. For the rod and cone conditions, the normal PLR is characterized by a transient constriction (peak latency < 2 seconds) followed by a relatively rapid return to the baseline. Although the PLRs of the IIH patients generally followed the same pattern, the transient responses of some patients were abnormally small, falling outside of the normal range. The normal melanopsinmediated response is characterized by a prolonged constriction following the offset of the stimulus that lasts for several seconds (Fig. 1C) . The two vertical dashed lines in this panel indicate the time range over which the sustained response was measured. Similar to the rod-and cone-mediated responses, the IIH patients' melanopsin-mediated PLRs were variable, with some falling into the normal range and others showing substantial abnormalities. Note, however, that measurable PLRs were obtained for all subjects under all conditions. The relative PLR amplitude for each subject under each condition was measured and is plotted in Figure 1D . This figure shows the PLR amplitude corresponding to the 5th to 95th percentile of the normal control range (gray box, the mean value is marked by the horizontal line) and for the IIH patients. There was substantial variation among the relative PLRs for the IIH patients under each condition, as expected from the pupil traces shown in Figures 1A through 1C . The variation among the relative PLRs for the IIH patients was greater for the rodand melanopsin-mediated PLRs, compared with the conemediated PLR. The variation in PLR values for the controls was also greatest under the melanopsin-mediated condition, with somewhat less variation among the controls under the rod-and cone-mediated conditions. For the rod and melanopsin conditions, 6 of 13 IIH patients had a PLR below the lower limit of the normal range, whereas 9 of 13 were below the normal range for cone condition.
RESULTS
The effects of IIH are likely to be greatest on inner retina function, affecting RGCs, including the ipRGCs. Because the rod and cone PLRs are largely mediated through inputs to the ipRGCs, 31 it might be expected that all three responses would be affected in IIH. Consequently, combining the PLR amplitudes obtained under the three conditions into a single metric may increase our ability to identify pathology. The combined response (CR) was defined as the mean pupil response for the three conditions; the CR for each subject was computed and is plotted in Figure 1D (rightmost data points). The CR for 8 of 13 patients was below the normal range. Of note, the melanopsinmediated PLR amplitudes were larger than the rod-and conemediated PLRs, which resulted in a slight weighting of the melanopsin response in the mean. Although this weighting could be minimized by normalizing the PLRs (e.g., converting to z-scores before averaging), our results indicated that the weighting had negligible effects on the results and, for simplicity, we only present the mean. A 2-way ANOVA was performed with subject group (control and IIH) and condition (rod, cone, and melanopsin) as main effects. The ANOVA showed significant differences in subject group (F ¼ 23.47, P < 0.001) and condition (36.24, P < 0.001). There was no significant group by condition interaction (F ¼ 2.29, P ¼ 0.11). Holm-Sidak follow-up comparisons indicated significant differences between the IIH patients and the controls for the rod (t ¼ 2.09, P ¼ 0.04, group difference: 6%) and melanopsin conditions (t ¼ 4.53, P < 0.001, group difference: 13%). A trend for smaller cone-mediated PLRs for the IIH patients compared with the controls was also found (t ¼ 1.77, P ¼ 0.08, group difference: 5%).
Receiver operating characteristic (ROC) curves were constructed as an additional approach to separate the control and patient groups based on PLR amplitude under the three conditions. These ROC curves are shown in Figure 2 , which plots the proportion of the IIH patients classified as abnormal (sensitivity) as a function of the proportion of the normal controls classified as abnormal (1-specificity; false positives). The areas under the ROC curves (AUC) ranged from 0.71 to 0.90, with CR showing the largest area. Importantly, CR achieved high specificity (0.85) without compromising sensitivity (0.85). The optimal cutoff, sensitivity, specificity, AUC, standard error (SE), and corresponding P value are shown for each condition in the Table. Figure 3A shows the relationship between the patients' HVF MD value and the melanopsin-mediated sustained PLR amplitude. The solid line is a linear regression line fit to the data. There was a modest relationship between the degree of visual field abnormality and the melanopsin-mediated PLR (r ¼ 0.56, P ¼ 0.05). A subset of the IIH patients (N ¼ 10) participated in a previous study in which the PhNR of the full-field ERG was measured. 11 The PhNR amplitude data obtained from that study are plotted as a function of the melanopsin-mediated PLR obtained in the present study (Fig. 3B) . Note that the y-axes in both panels span 3.5 log units and the x-axes are identical; the solid line is a linear regression fit to the data. The relationship between the log PhNR amplitude and the melanopsin-mediated PLR was stronger (r ¼ 0.71, P ¼ 0.02) than that observed between the HVF MD and the melanopsin-mediated PLR (Fig.  3A) . This may be expected, as both the PhNR and the melanopsin-mediated PLR target RGC function and both are full-field measures of function.
DISCUSSION
The goal of the present study was to evaluate rod-, cone-, and melanopsin-mediated PLRs in patients with IIH. As a group, the patients with IIH had PLR reductions under each of the three conditions. Although the pattern of deficit was not identical for all patients, the patients can be subdivided into those with abnormal (N ¼ 6) and those with normal (N ¼ 7) melanopsinmediated responses. Of the patients with abnormal melanopsin-mediated responses, all had abnormal rod and/or cone mediated PLRs, which is the expected result of ipRGC damage. That is, in patients with ipRGC dysfunction, the rod-and conemediated PLRs would also likely be abnormal, as these pathways feed into the ipRGCs. In contrast, patients with normal melanopsin-mediated PLRs had more varied patterns of outer retina PLR dysfunction: three had normal rod-and conemediated PLRs (i.e., all responses were normal, indicating that current or past elevated ICP did not affect the pupil response). Three other patients had reductions only in the cone-mediated response and one patient had reduced cone-and rod-mediated responses. These four patients with rod-and/or cone-mediated PLR abnormalities, but normal melanopsin-mediated PLRs, are of interest because they suggest a relatively greater outer retina abnormality compared with inner retina abnormality, at least as assessed by pupillometry. Although IIH is not commonly associated with outer-retinal changes, a previous adaptive optics optical coherence tomography (OCT) study showed reduced cone density in a patient with IIH. 28 The explanation for the heterogeneity among the patients is uncertain. However, there are at least two possible explana-FIGURE 2. Receiver operating characteristic curves for the rod (blue), cone (green), melanopsin (red), and combined PLR (black). The proportion of the IIH patients classified as abnormal (sensitivity) is plotted as a function of the proportion of the controls classified as abnormal (1-specificity; false positives). The PLR cutoff values, sensitivity, specificity, AUC, SE, and corresponding P value are given in the Table. tions: first, increased ICP may result in different pathophysiologic processes in different people. Alternatively, the different subgroups may represent different stages of pupil abnormality along a continuum. For example, PLR abnormalities mediated by the outer retina may precede PLR abnormalities mediated by the inner retina. This speculation is based on the observation that patients with normal melanopsin-mediated PLRs could have abnormal outer retina-mediated PLRs, whereas no patient with an abnormal melanopsin-mediated PLR had normal rod-and cone-mediated PLRs. Although this is highly speculative, and a time-course of abnormality cannot be determined from our data, it may help guide hypotheses for future work.
As noted above, the mean PLR was reduced for the IIH patients compared with normal under the rod-, cone, and melanopsin-mediated conditions, but there were subtle differences among the results obtained under the three paradigms. For example, under the rod-mediated condition, the patients' PLRs ranged from slightly super-normal to nearly extinguished. In comparison, the cone-mediated PLRs were abnormal for nine patients, but four of nine were only slightly subnormal. The differences in the magnitude of dysfunction under the three conditions are reflected in the correlation coefficients among them: there was a significant correlation between the melanopsin-and rod-mediated PLR (r ¼ 0.63, P ¼ 0.02), but not between the melanopsin-and cone-mediated PLR (r ¼À0.21, P ¼ 0.49) or between the rod-and cone-mediated PLR (r ¼À0.03, P ¼ 0.93). This suggests that the cone-mediated PLR may provide information regarding the pupil response that differs from that of the rod-and melanopsin-mediated PLRs. This may be explained by the unique spatial summation characteristics of the cone-mediated PLR, which is dominated by contributions from the central visual field 32 that is typically less affected in IIH. In contrast, spatial summation for the rod-and melanopsin-mediated PLRs occurs the throughout the entire visual field, 32 including the periphery that is affected in IIH. Thus, the generally small cone-mediated PLR abnormalities for the IIH patients may be attributed to a combination of their relative central visual field preservation and the minimal spatial summation of the cone-mediated PLR.
In addition to the abnormal PLRs recorded in the patients with IIH, the patients had, on average, reduced baseline pupil sizes in the dark and in the light. However, the baseline pupil size reductions were generally small and there was substantial overlap between the control and patient distributions. Although the explanation for reduced baseline pupil sizes is unclear, changes in sympathetic innervation may play a role as sympathetic innervation is thought to largely control the resting (baseline) pupil size. 33, 34 We cannot unequivocally exclude the effects of mild efferent pathway defects arising from cortical (or subcortical) sources. Cognitive changes are becoming better recognized in high ICP states 35, 36 and pain due to headache could affect pupil size (although pain generally results in pupil dilation). 37 However, we note no significant difference in baseline pupil size between the five patients who had undergone treatment with resolution of symptoms and the eight patients with active symptoms, suggesting that headache did not significantly affect the baseline pupil size in our subjects.
As discussed above, there was substantial variation among the patients in the extent of the PLR abnormalities. In addition, there was also substantial variation in visual function assessed by HVF MD, which ranged from normal to substantially impaired. Given the differences between pupillometry and perimetry, such as the region of the visual field stimulated, threshold versus super-threshold response measures, and adaptation state, it can be difficult to compare the two measures meaningfully. Nevertheless, previous studies in patients with hereditary optic neuropathy 22 and glaucoma 19 have found significant linear correlations between the PLR and HVF MD. In our patients with IIH, was a moderate correlation between HVF MD and melanopsin-mediated PLR amplitude. The lack of a strong correlation suggests that the information provided by PLR assessment is not entirely captured by the HVF MD value. As such, PLR assessment may be a useful adjunct measure for targeting inner retina function in patients with IIH.
The abnormal melanopsin-mediated PLR in our IIH patients is of interest in light of recent reports indicating that ipRGCs may be selectively resistant to disease. [38] [39] [40] The reports of selective resistance to disease are based on a relative preservation of the pupil response in patients with optic atrophy 38, 40 and in animal models of autosomal dominant optic atrophy, 41 ocular hypertension, 42 and N-methyl-D-aspartic excitotoxicity. 39 However, other studies in human subjects have shown significantly reduced melanopsin-mediated PLRs in glaucoma, [23] [24] [25] [26] hereditary optic neuropathies, [20] [21] [22] anterior ischemic optic neuropathy, 27 and in diabetic retinopathy. 43 The results of the current study are consistent with these latter reports, suggesting abnormal ipRGC function in patients with IIH.
In conclusion, we provide evidence of abnormal rod-, cone-, and melanopsin-mediated PLRs in patients with IIH. Given that the rod-and melanopsin-mediated PLRs appear to be well suited for capturing dysfunction throughout the entire visual field, these measures may be particularly useful for identifying pathologic changes in IIH patients. Additional work is needed to determine the suitability of the PLR as a clinical monitoring tool in IIH and to determine the extent to which it may be a useful measure in future clinical trials.
